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(57) Abstract 

An apparatus for controlling the flow 
of ?. conductive liquid through a passageway 
(3) is disclosed.' The apparatus comprises 
a means for generating a magnetic field 
transverse to a required direction of flow 
of the conductive liquid in the passageway. 
The apparatus also comprises a means to 
cause rotation of the magnetic field about 
an axis to move the magnetic field along 
the length of a section of the passageway 
(3) with the magnetic field transverse to the 
required flow direction. 



7b 11 




FOR THE PURPOSES OF INFORMATION ONLY 



Codes used to identify States party to the PCT on the front pages of pamphlets publishing international applications under the PCT. 



AL 


Albania 


ES 


Spain 


LS 


Lesotho 


SI 


Slovenia 


AM 


Armenia 


FI 


Finland 


LT 


Lithuania 


SK 


Slovakia 


AT 


Austria 


FR 


France 


LU 


Luxembourg 


SN 


Senegal 


AU 


Australia 


GA 


Gabon 


LV 


Latvia 


SZ 


Swaziland 


AZ 


Azerbaijan 


GB 


United Kingdom 


MC 


Monaco 


TD 


Chad 


BA 


Bosnia and Herzegovina 


GE 


Georgia 


MD 


Republic of Moldova 


TG 


Togo 


BB 


Barbados 


GH 


Ghana 


MG 


Madagascar 


TJ 


Tajikistan 


BE 


Belgium 


GN 


Guinea 


MK 


The former Yugoslav 


TM 


Turkmenistan 


BF 


Burkina Faso 


GR 


Greece 




Republic of Macedonia 


TR 


Turkey 


BG 


Bulgaria 


HU 


Hungary 


ML 


Mali 


TT 


Trintdad and Tobago 


BJ 


Benin 


IE 


Ireland 


MN 


Mongolia 


UA 


Ukraine 


BR 


Brazil 


IL 


Israel 


MR 


Mauritania 


UG 


Uganda 


BY 


Belarus 


IS 


Iceland 


MW 


Malawi 


US 


United States of America 


CA 


Canada 


IT 


Italy 


MX 


Mexico 


UZ 


Uzbekistan 


CF 


Central African Republic 


JP 


Japan 


NE 


Niger 


VN 


Viet Nam 


CG 


Congo 


KE 


Kenya 


NL 


Netherlands 


YU 


Yugoslavia 


CII 


Switzerland 


KG 


Kyrgyzstan 


NO 


Norway 


ZVY 


Zimbabwe 


CI 


Cdte d'lvohe 


KP 


Democratic People's 


NZ 


New Zealand 






CM 


Cameroon 




Republic of Korea 


PL 


Poland 






CN 


China 


KR 


Republic of Korea 


PT 


Portugal 






cu 


Cuba 


KZ 


Kazakstan 


RO 


Romania 






cz 


Czech Republic 


LC 


Saint Lucia 


RU 


Russian Federation 






DE 


Germany 


LI 


Liechtenstein 


SD 


Sudan 






DK 

EK 


Denmark 
Estonia 


LK 
LR 


Sri Lanka 
Liberia 


SE 
SG 


Sweden 
Singapore 







WO 98/16001 



PCT/AU97/00669 



- 1 - 



METHOD AND APPARATUS FOR CONTROLLING THE 
FLOW OF A LIQUID 



The present invention relates to a method and an 
apparatus for controlling the flow of an electrically 
conductive liquid in a passageway that is based on applying 
10 an electromagnetic force to the conductive liquid. 

The present invention relates particularly, 
although by no means exclusively, to a method and an 
apparatus for electromagnetically pumping liquid metals and 
15 alloys in a passageway. 

This is not the only application of the present 
invention and, by way of example, the present invention 
relates to electromagnetically braking liquid metals and 
20 alloys in a passageway. 

The term "passageway" is understood to mean any 
suitable pipe, duct, channel or the like for conveying 
conductive liquids. 



25 



30 



35 



The term "electromagnetic force" is understood 
herein to mean the force generated in a conductive liquid 
by the interaction of an electric current in the conductive 
liquid and a magnetic field. 

Electromagnetic force is described by the vector 

equation: 

f = J x B 

where f is the electromagnetic force per unit volume 
exerted on an el e ment of the conductive liquid, J is the 
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current density at the point where the element is located, 
and B is the magnetic field strength at the point. 

The electromagnetic force f will be in a 
5 direction perpendicular to both the magnetic field and the 
direction of current flow and will be non-zero as long as 
there is a component of the magnetic field that is 
perpendicular to the current. The current may be generated 
by an external voltage or, alternatively, induced in the 
10 conductive liquid as a result of a variation in the 
magnetic field with time. 

The use of an electromagnetic force to pump 
conductive liquids, such as liquid metals, is known. 

15 

induction pumps and conduction pumps are examples 
of known electromagnetic pumps. 

Induction pumps operate by generating a 
20 travelling magnetic field along a straight section of a 

pipe or channel containing a conductive liquid and thereby 
inducing electric currents in the conductive liquid. The 
currents interact with the magnetic field in accordance 
with the above equation to generate a net force to move the 
25 conductive liquid along the length of the pipe or channel. 

Conduction pumps operate by providing a static 
magnetic field at right angles to the axis of a pipe or 
channel containing a conductive liquid and by applying an 

3 0 electric current from an external source to the conductive 
liquid via electrodes embedded in the pipe or channel. As 
a result, the conductive liquid forming the current path at 
any instance is subject to a force in a direction along the 
length of the pipe or channel in accordance with the above 

3 5 equation. 
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The pressure or static head which can be 
generated by an induction pump is related to the magnetic 
flux density at right angles to the flowing liquid, and to 
the component of electric current at right angles to the 
5 flux. A problem with known electromagnetic pumps has been 
the inability to generate a high static head due to the low 
flux densities achieved for instance using linear motor 
technology. The low coupling efficiency is most evident in 
the case of high volume pumping, where large magnet gaps 
10 are required. 



An object of the present invention is to provide 
a method and an apparatus for electromagnetically pumping 
conductive liquids which alleviates the problem described 
15 in the preceding paragraph. 

According to the present invention there is 
provided an apparatus for controlling the flow of a 
conductive liquid through a passageway, which apparatus 
20 comprises: 



(a) a means for generating a magnetic field 

transverse to a required direction of flow 
of the conductive liquid in the passageway; 
25 and 



(b) a means to cause rotation of the magnetic 
field about an axis to move the magnetic 
field along the length of a section of the 
passageway with the magnetic field 
transverse to the required flow direction. 



In use, in a pumping application, the relative 
movement of the magnetic field and the conductive liquid 
35 generates an electric current in the conductive liquid, and 
the magnetic field and the electric current interact in 
accordance with the equation set out above to generate an 
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electromagnetic force to move the conductive liquid along 
the passageway in the flow direction. 

The applicant has found that the above apparatus 
5 is an effective means of electromagnetically generating a 
high static head with conductive liquids and of controlling 
the pressure and hence the flow rate* 

It can readily be appreciated that the apparatus 
10 can be used bi-directionally and, in addition to pimping a 
conductive liquid, can be used to apply a braking force to 
the liquid. 

The magnetic field generating means may comprise 
15 any suitable means such as permanent magnets or 
electromagnets . 

It is preferred that the magnetic field 
generating means comprise a plurality of permanent magnets. 

20 

In the pumping application of the present 
invention, it is preferred that the rotation means be 
adapted to rotate the magnetic field so that at least a 
component of the magnetic field moves in the flow 
25 direction. 

In the braking application of the present 
invention it is preferred that the rotation means be 
adapted to rotate the magnetic field so that at least a 
30 component of the magnetic field moves in the opposite 
direction to the flow direction. 

The rotation means may comprise one or more 
rotors arranged to support the permanent magnets and to 
35 rotate about the axis. 
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With such an arrangement it is preferred that the 
magnets be mounted to each rotor with adjacent poles of the 
magnets being of opposite polarity. As a consequence, the 
magnetic flux density varies sinusoidally around the 
5 circumference of each rotor. 

It is preferred particularly that the magnets be 
arranged in a circular array on each rotor. 

10 It is preferred that there be as small as 

possible spacing between adjacent magnets in the array. 

It is preferred that the magnets be disk shaped. 

15 It is preferred that the magnetic field 

generating means comprise a backing member for the magnets 
formed from a high permeability material, such as mild 
steel, to improve the magnetic field path. 

20 It is preferred particularly that the rotation 

means comprises two rotors, with each rotor carrying a 
plurality of the magnets, and the rotors being spaced apart 
so that there is a gap G between the magnets of one rotor 
and the magnets of the other rotor, and the magnets being 

25 arranged so that each magnet of one rotor faces a 

respective one of the magnets of the other rotor, with the 
facing poles of the magnets being of opposite polarity. 

It is preferred that the ratio of the diameter of 
30 the magnets and the gap 6 between the rotors be at least 
1:1. 



35 



It is preferred particularly that the ratio of 
the diameter of the magnets and the gap G between the 
rotors be at least 1.5:1. 
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With such an arrangement it is preferred that the 
pump section of the passageway extend through the gap. 

In one embodiment it is preferred that the 
5 rotation means comprises, a drive shaft that supports both 
rotors and extends through the gap between the rotors, and 
a motor means to rotate the drive shaft about its 
longitudinal axis. 

10 In another embodiment it is preferred that the 

rotation means comprises, a separate drive shaft for each 
rotor, and a motor means to rotate the drive shafts. 

The passageway may be of any suitable shape *nri 
15 be formed from any suitable material. 

It is preferred that the shape be selected to 
maximise the length of the pump section of the passageway 
that is subject, in use, to the rotating magnetic field 
20 transverse to the required flow direction. 

It is preferred particularly that the pump 
section of the passageway be U-shaped. 

25 According to the present invention there is also 

provided a method of controlling the flow of a conductive 
liquid through a passageway, which method comprises : 

(a) generating a magnetic field transverse to a 
3 0 direction of flow of the conductive liquid 

in the passageway; and 

(b) rotating the magnetic field about an axis to 
move the magnetic field along the length of 

35 a section of the passageway with the 

magnetic field transverse to the flow 
direction to generate an electric current 
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which interacts with the magnetic field to 
produce an electromagnetic force to control 
the flow of the conductive liquid along the 
passageway in the flow direction. 

5 

It is preferred that the method comprises 
rotating the magnetic field so that a least a component of 
the magnetic field moves in the flow direction to pump the 
liquid in the flow direction* 

10 

In an alternative embodiment it is preferred that 
the method comprises rotating the magnetic field so that at 
least a component of the magnetic field moves in the 
opposite direction to the flow direction. 

15 

The present invention is described further by way 
of example with reference to the accompanying drawings , of 
which : 

20 Figure 1 is a side elevation of one embodiment of 

the apparatus of the present invention; 

Figure 2 is a cross-section along the line 2-2 in 

Figure 1; 

25 

Figure 3 is a vertical cross -section through a 
lower portion of the U-shaped section of the pipe which 
forms part of the apparatus shown in the Figures which 
illustrates the flow of current induced in conductive 
30 liquid in the pipe in use of the apparatus as a pump; and 

Figure 4 is top plan view of another embodiment 
of the apparatus of the present invention • 

35 The embodiment of the apparatus shown in Figures 

1 and 2 is arranged to pump a conductive liquid, such as 
molten zinc or copper, through a pipe 3 in the direction of 
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the arrows marked X in Figure 2. It is noted that the 
present invention is not limited to this application and 
could be used to brake the flow of the liquid through the 
pipe 3. 

5 

The apparatus comprises 2 circular arrays of 
permanent magnets 5 formed from Neodymium/Boron/lron or any 
other suitable material supported by rotors 7a # 7b which, 
in use, are rotated about a central horizontal axis 9. The 

10 magnets 5 are disk shaped and have a diameter that is as 
large as possible given the size of the rotors 7a, 7b and 
are arranged with a spacing that is as small as possible 
between adjacent magnets. The rotors 7a, 7b are spaced - 
apart so that the opposed faces of the magnets 5 are 

15 separated by a gap G. The magnets 5 on the rotors 7a, 7b 

are arranged in pairs with each magnet 5 on rotor 7a facing 
a magnet 5 of opposite polarity on rotor 7b. As a 
consequence, a series of magnetic fields extend across the 
gap G. In addition, the magnets 5 are arranged on each 

20 rotor 7a, 7b with adjacent magnets 5 having opposite 

polarities. As a consequence, the magnetic flux density 
varies approximately sinusoidal ly around the circular 
arrays . 



25 As can best be seen in Figure 2, a U-shaped 

section 11 of the pipe 3 is arranged to extend into the gap 
G so that, in use, a conductive liquid in the U-shaped 
section 11 is subject to the magnetic fields produced by 
the pairs of magnets 5 on the rotors 7a, 7b. 

30 

In order to improve the magnetic field strength 
of the magnets 5, an annular ring of mild steel, or other 
suitable high permeability material, is provided as a 
backing member for the magnets 5 on each rotor 7a, 7b. 

35 

The rotors 7a, 7b are mounted on a drive shaft 15 
which extends through the gap G. A3 phase motor 19 is 
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coupled to one end of the drive shaft 15 and the motor 19 
is operable to rotate the drive shaft 15 to thereby move 
the magnets 5 about the axis 9 in the direction of the 
arrow Y in Figure 2. 

5 

In use, the effect of the rotating magnetic 
fields between the pairs of magnets 5 is to induce 
circulating electric currents in the conductive liquid at 
that time in the U-shaped section 11 of the pipe 3. in 

10 accordance with the equation set out above, the magnetic 
fields and the electric currents interact to produce an 
electromagnetic force which acts on the conductive liquid 
to pump the conductive liquid through the section 11 of the 
pipe in the direction of the arrows X in Figure 2. The 

15 flow of the induced currents is illustrated in Figure 3, 
and it is the radial components of the currents that 
contribute to the pumping effect. 



In accordance with the equation set out above, 
20 the electromagnetically produced force is proportional to 
the magnetic flux density and to the magnitude of the 
induced current. Since the magnitude of the current is 
proportional to the flux density also, this means that the 
force is proportional to the square of the flux. The force 
25 is also a function of the spatial rate of change of flux in 
the direction of motion. Important structural factors that 
have an effect on the magnetic flux density include the 
size of the gap G between the magnets 5 and the ratio of 
the magnet face versus gap size. The applicant found that 
30 good results were achieved in laboratory experiments with a 
U-shaped section 11 positioned in gaps G of between 15 and 
30 mm. 



In the final analysis, an important feature of 
35 the pump is that the pressure or static head of the 

conductive liquid be proportional to the rate of rotation 
of the magnets 5. 
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The embodiment shown in Figure 3 is conceptually 
similar to that shown in Figures 1 and 2, and the main 
difference is that the rotors 7a, 7b are mo u nted to 
5 separate aligned drive shafts 15a, 15b, and the drive 

shafts 15a, 15b are separately coupled via gear drives 21 
to a motor 19* The advantage of this arrangement is that 
the U-shaped section 11 of the pipe 3 is the only component 
that occupies the gap G between the magnets 5. 

10 

The laboratory experiments referred to above were 
carried out by the applicant principally to test the key 
relationships governing the apparatus of the present 
invention when used in the pump application. 

15 

The laboratory experiments were carried out on a 
pump of the type shown in Figures 1 and 2 and comprised 
measuring the static head generated by the pump at varying 
gaps G between the magnets 5 and varying rotational speeds 
20 of the rotors 7a, 7b. 

This was achieved by pumping Indalloy (Bi 49%, Pb 
18%, Sn 12%, In 21%), an alloy with a melting point of 
57°C, 1.25xl0 6 {TV" 1 conductivity and 9100 kg/m 3 density, 

25 through the pump. The rotors 7a, 7b were 210 mm in 

diameter and there were 8 magnets 5 on each rotor 7a, 7b. 
The rotors 7a, 7b were located on a keyed shaft 15 such 
that the spacing between the pole faces could be easily 
adjusted. Two U-shaped pipe sections 11 were tested, one 

30 from a non-conductive high strength glass-epoxy resin and 
the second from stainless steel. 

The pump was arranged so that molten Indalloy 
contained in a small tank was fed vertically downwards into 
35 the pump. A pipe (not shown) of 4 m length was connected 
vertically at the pump outlet. The pumping head was 
measured through the displacement of a float inserted into 
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the exit pipe. Several sets of measurements were taken at 
increasing and decreasing rotor speeds. The static head 
achieved at a fixed rotor speed was found to be repeatable 
and was measured to an accuracy of ±0.5 mm. Rotational 
5 speed was measured using a digital tachometer to an 
accuracy of better than ±0.5 RPM. The measurement 
procedure was repeated using a number of magnet gaps G for 
both the conductive and non- conductive pipe sections 11. 
At 3 magnet gaps G, measurements were taken of the magnetic 
10 field strength over a plane lying at the midpoint of the 
pole separation. The pressure developed was found to be 
proportional to the velocity of the magnetic field through 
the Indalloy and thus provides simple and precise control 
of the pumping process. 

15 





Disk 


Peak Magnetic 


Measured 


Separation 


Field (T) 


Pressure 


(mm) 




(kPa) At 500 






RPM 


19 


0.61 


96.8 




0 .52 


65.7 


I 29 


0.45 


44.2 



Table 1: Measured Pump Performance 

20 

Table 1 shows the measured pump pressure at 3 
magnet gaps G. The pump was operated to a speed of 2000 
RPM and the torque and power required were easily supplied 
by a conventional 5.5 kw 3 -phase 4 -pole motor. An increase 
25 of between 2-16% in static head was measured when the non- 
conductive U-tube was replaced with a stainless steel tube 
of the same design. 
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The laboratory experiments also found that the 
ratio of the diameter of the magnets 5 and the gap G 
between the rotors 7a, 7b should be at least 1:1 for 
optimum performance . Specifically, the applicant found 
5 that performance dropped off quickly at ratios less than 
1:1. 



The results of the laboratory experiments 
indicate that the apparatus of the present invention when 
10 used as a pump is an effective means of delivering liquid 
metals. The results are such that the applicant believes 
that the pump operates at significantly reduced power 
requirements, when compared with those based on 
conventional pumps. 

15 

Many modifications may be made to the preferred 
embodiments of the present invention described above 
without departing from the spirit and scope of the present 
invention. 

20 

For example, whilst the embodiments shown in 
Figures 1 to 3 comprise twin rotors 7a, 7b, it can be 1 
readily appreciated that the present invention is not so 
limited and extends to single rotor arrangements. 

25 

Furthermore, whilst the embodiments coiqprise 
permanent magnets 5 arranged in a circular array on the 
rotors 7a, 7b, it can be readily appreciated that the 
present invention is not so limited and extends to the use 
30 of electromagnets and permanent magnets arranged in any 
suitable array. 

Furthermore, whilst the embodiments comprise a U- 
shaped section 11 of pipe 3, it can readily be appreciated 
35 that the present invention is not so limited and extends to 
any suitable shape of section of pipe 3. By way of 
example, the present invention extends to the use of 
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rotating magnetic fields in relation to straight and 90 c 
curve sections of pipes. 
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CLAIMS: 



1. An apparatus for controlling the flow of a 
conductive liquid through a passageway, which apparatus 
5 comprises : 



(a) a means for generating a magnetic field 

transverse to a required direction of flow 
of the conductive liquid in the passageway; 
10 and 



(b) a means to cause rotation of the magnetic 
field about an axis to move the magnetic 
field along the length of a section of the 
15 passageway with the magnetic field 

transverse to the required flow direction* 



2. The apparatus defined in claim 1 wherein the 
rotation means is adapted to rotate the magnetic field so 
20 that at least a component of the magnetic field moves in 
the flow direction to pump the liquid in the flow 
direction* 



3. The apparatus defined in claim 1 wherein the 
25 rotation means is adapted to rotate the magnetic field so 
that at least a component of the magnetic field moves in 
the opposite direction to the flow direction to brake the 
flow of the liquid* 

3 0 4. The apparatus defined in claim 2 or claim 3 

wherein the magnetic field generating means comprises a 
plurality of magnets* 



35 



5. The apparatus defined in claim 4 wherein the 
rotation means comprises one or more rotors arranged to 
support the magnets and to rotate about the axis* 
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6. The apparatus defined in claim 5 wherein the 
magnets are mounted to each rotor with adjacent poles of 
the magnets being of opposite polarity. 

5 7. The apparatus defined in claim 4 or claim 5 

wherein the magnets are arranged in a circular array on 
each rotor. 

8. The apparatus defined in claim 7 wherein 
10 there is as small as possible spacing between adjacent 

magnets in the array. 

9. The apparatus defined in claim 7 or claim 8 
wherein the magnets are disk shaped. 

15 

10. The apparatus defined in any one of claims 4 
to 9 wherein the magnetic field generating means comprises 
a backing member for the magnets formed from a high 
permeability material , such as mild steel, to improve the 

2 0 magnetic field path. 

11. The apparatus defined in claim 9 wherein the 
rotation means comprises two rotors, with each rotor 
carrying a plurality of the magnets, and the rotors being 

25 spaced apart so that there is a gap G between the magnets 
of one rotor and the magnets of the other rotor, and the 
magnets being arranged so that each magnet of one rotor 
faces a respective one of the magnets of the other rotor, 
with the facing poles of the magnets being of opposite 

30 polarity. 

12. The apparatus defined in claim 11 wherein 
the ratio of the diameter of the magnets and the gap G 
between the rotors is at least 1:1. 

35 
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13. The apparatus defined in claim 11 or claim 
12 wherein the section of the passageway extends through 
the gap, 

14. The apparatus defined in claim 13 wherein 
the rotation means comprises, a drive shaft that supports 
both rotors and extends through the gap between the rotors, 
and a motor means to rotate the drive shaft about its 
longitudinal axis. 

15. The apparatus defined in claim 13 wherein 
the rotation means comprises, a separate drive shaft for 
each rotor , and a motor means to rotate the drive shafts. 

15 16. The apparatus defined in any one of the 

preceding claims wherein the shape of the passageway is 
selected to maximise the length of the pump section of the 
passageway that is subject, in use, to the rotating 
magnetic field transverse to the required flow direction. 

20 

17 . The apparatus defined in claim 16 wherein 
the pump section of the passageway is U-shaped. 

18. A method of controlling the flow of a 
25 conductive liquid through a passageway, which method 

comprises : 

(a) generating a magnetic field transverse to a 
direction of flow of the conductive liquid 

30 in the passageway; and 

(b) rotating the magnetic field about an axis to 
move the magnetic field along the length of 
a section of the passageway with the 

35 magnetic field transverse to the required 

flow direction to generate an electric 
current which interacts with the magnetic 
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field to produce an electromagnetic force to 
control the flow of the conductive liquid 
along the passageway in the flow direction, 

5 19, The method defined in claim 18 comprises 

rotating the magnetic field so that at least a component of 
the magnetic field moves in the required flow direction to 
pump the liquid in the flow direction. 

10 20. The method defined in claim 18 comprises 

rotating the magnetic field so that at least a component of 
the magnetic field moves in the opposite direction to the 
flow direction. 
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